Titanium2 mass%Cu and Ti10 mass%Cu alloys were fabricated by powder metallurgy. The alloys were precipitation hardened to observe effect of heat treatment to their wear property. It was found that hardness of the two alloys increased after solution treatment to 320 and 526 HV, and after aging to 441 and 612 HV. However, wear resistance, as characterized by friction coefficient and mass loss in a pin-on-disc wear test deteriorated. In term of wear resistance, a lamellar morphology of eutectoid ¡Ti/Ti 2 Cu was favorable to the homogenized morphology of heat treated alloys. Lowest specific wear rate was found in as-sintered Ti10 mass%Cu, having a value of 1.16 © 10 ¹13 m 3 /N·m.
Introduction
Titanium alloys finds increasing use in many applications. This includes medical implants, aerospace and airplane parts, and other light structure applications. Most of the researches focus on popular alloys which are pure titanium or Ti6Al 4V alloy. They are sufficient for most usage. However, another important titanium alloy, which is the focus of this study, is TiCu alloy. Copper is a beta stabilizer, as can be seen by the wide ¢-titanium solid solution area in the TiCu phase diagram in Fig. 1 . 1) Solid solubility of copper in ¡-titanium is highest at 2.1%, at eutectoid temperature of 790°C, and decreases rapidly at lower temperatures. This characteristic yields the TiCu alloy a heat treatable grade by precipitation hardening. TiCu alloy is an interesting candidate for many applications due to this heat treatment possibility as well as the low cost of copper alloyment.
Literature survey shows limited number of reports of Ti Cu alloys. Many reports focused on the copper-rich TiCu system, 27) which was a candidate for replacing CuBe as interconnects in electronic devices. Another study of TiCu system was formation TiCu intermetallic compounds when copper was used as active brazing alloy for joining two titanium alloy parts.
810) An interesting proposed application of TiCu alloy was for dental prosthesis.
1113) Another promising application, which wear resistance was critical, was titanium brake disc for automobile. 14) Fabrication methods of TiCu alloys in these reports were by either casting or thin film deposition. Previous report by Y. Oda et al. 13) and the authors 15) showed the possibility of applying powder metallurgy for fabrication of TiCu alloy. C. Ohkubo reported that copper addition in casted Ti6Al4V improved its wear property.
12) Therefore, the aim of this research was to investigate wear resistance of powder metallurgy TiCu alloys. Sintering condition was optimized to obtain near full density TiCu alloys. Effect of heat treatment by precipitation hardening to the microstructure, hardness and wear resistance was studied. Wear resistance test was by dry rubbing against 304 stainless steel in a pin-on-disc setup. Stainless steel was chosen to be the rubbing partner due to its common use as wire in dental and other medical applications, as well as a mating material in disc brake system. The results had practical benefits when considering powder metallurgy, with its many advantages, for fabricating TiCu alloys for wear resistance applications such as dental prosthesis, medical implant or light structural parts.
Experimental Procedure
Fine Ti powder (average size 30 µm, 99% purity) was mixed with copper powder (average size 75 µm, 99% purity) to provide Ti2 mass%Cu and Ti10 mass%Cu alloys, which were representative of hypoeutectoid and hypereutectoid compositions respectively. Cold compaction was performed under 254 MPa to give cylindrical specimens with 10 mm in diameter and 5 mm in thickness. The compacted specimen was debinded at 400°C for 1.8 ks and sintered at 1000 and 1100°C, which are just below and above melting point of copper (1080°C), for 3.6 and 14.4 ks in flow of argon, and furnace cooled. Heating rate during sintering was 5°C/min. Solution treatment was carried out at 1000°C, at which the alloys were in ¢-phase field, for 1.8 ks and quenching in water. Aging treatment was by putting the specimens in a furnace maintained at 400°C for 86.4 ks, and cooling in air.
Thermal analysis (Shimadzu model DTG-60) was carried out in flow of argon from room temperature to 1200°C, using heating rate of 10°C/min. Density of alloy specimens was measured after sintering by using Archimedes' method. Relative density was obtained by division of measured density by calculated theoretical density which assumed complete reaction between excess Ti and available Cu to form Ti 2 Cu compound. For microstructure study, each specimen was grinded down to #2000 SiC abrasive papers and subsequently polished using slurry of suspended 1-µm colloidal alumina. For optical microscopy, the polished specimens were etched using Kroll's solution. X-ray diffraction analysis was carried out using 20 mA and 40 kV (Rigaku model SA-HFM3). Wear test was by pin-on-disc + Graduate Student, Chulalongkorn University 
Results and Discussion
To investigate chemical reaction between Ti and Cu powder at elevated temperature, powder mixtures of Ti 2 mass%Cu and Ti10 mass%Cu was analyzed by a differential thermal analyzer. Thermal analysis of pure Ti powder was used as comparison reference. The result was shown in Fig. 2 . For pure Ti powder, there was a broad exothermic peak starting at 600°C which was thought to arise from exothermic reactions between titanium and residual oxygen and nitrogen gases. 16) With copper mixture, in addition to the broad peak starting at 600°C, a smaller exothermic peak was found at around 1080°C. From this result, and realizing that melting temperature of copper is 1080°C, it was therefore determined that reactive sintering temperature were to be at 1000 and 1100°C, to investigate the effect of formation of copper liquid to densification of green compact.
Due to the small size of the specimens and the small amount of added copper, sintering time was selected to be 3.6 and 14.4 ks. These should be sufficient for sintering to achieve densification without excessive grain growth, and for any occurrence of chemical reaction at 1080°C to go to completion. Figure 3 showed effect of time and temperature to degree of densification indicated by relative density of sintered specimens. Longer sintering time at 14.4 ks increased relative density of the specimens. Sintering at 1100°C, where copper existed in liquid state enhanced densification. For both Ti2Cu and Ti10Cu compositions, sintering at 1100°C for 14.4 ks was adequate to obtain specimens with relative density in range of 94 to 96 percent, which were values acceptable for typical sintered materials. A larger addition of copper caused a slightly lower relative density in Ti10Cu specimens. This is generally observed in liquid phase sintering in the case when solid solubility in the transient liquid is low, coupled to a high solubility of the liquid in the solid. 17) Titanium powders have slow rate of dissolution in transient liquid copper, 18) and copper has a relatively high solubility in titanium as seen from phase diagram in Fig. 1 . Porosities were likely to be created at prior copper powder sites.
Microstructure of sintered specimen was shown in Fig. 4 . Using information from the phase diagram in Fig. 1 as the X-ray diffraction analysis in Fig. 5 , the following conclusions about the as-sintered materials can be made. Microstructure of as-sintered Ti2Cu, a hypoeutectoid composition, contained equiaxed ¡-titanium grains with small amount of ¡Ti/Ti 2 Cu eutectoid structure at grain boundary. Microstructure of as-sintered Ti10Cu, a hypereutectoid composition, contained mostly ¡Ti/Ti 2 Cu eutectoid structure with continuous bulky Ti 2 Cu compound. A slow cooling in the sintering furnace promoted thermodynamically stable phases. Microstructure of solution treated specimen, shown in Fig. 4 , contained light contrast of martensitic plates of ¡B phase propagated within the pre-existing ¢-grain. Upon fast cooling in water, atomic diffusion associated with ¢ phase decomposition to ¡-phase was insufficient, therefore athermal transformation to hexagonal martensitic ¡B phase was promoted.
19) X-ray diffraction result in Fig. 5 of both alloys showed peaks of ¡/¡B phase and ¢ phases in the specimen. To be noted was the diffraction peaks of ¡ and ¡B phases were very similar and difficult to be differentiated. It was also very difficult to identify diffraction peaks of ¢ phase, since its highest intensity peak was coincident with a major peak of ¡/¡B phases. X-ray diffraction pattern of Ti10Cu alloys indicate existence of Ti 2 Cu compound. Precipitation of Ti 2 Cu compound was very rapid by nucleation within the martensitic plates. 20, 21) A study of cooling rate on Ti 2 Cu precipitation by Souza et al. showed that a fast cooling rate cannot suppress this precipitation. 20) Therefore, Ti 2 Cu, should exist in all specimens, but detectability was limited by the low resolution of X-ray diffraction technique, especially in the Ti2Cu composition. TiN compound was detected in some specimens, possibly due to reaction between titanium and residual nitrogen in the furnace. After aging at 400°C for 86.4 ks, the microstructures Ti 2Cu showed light contrast of martensitic plates of ¡B phase, which were discontinuously bordered by bulky islands. The microstructure of Ti10Cu also showed light contrast of martensitic plates of ¡B phase, which were discontinuously bordered by small thin strips. A transmission electron microscope study of Ti 2 Cu precipitation by X. Yao et al. 21) showed that there were two morphologies of Ti 2 Cu precipitates; nano-sized coherent or semicoherent acicular precipitates in interior of grains, and larger-sized incoherent spherical precipitates in both intra-grains and inter-grains.
Comparison of hardness values of the alloys at different stages were shown in Fig. 6 . The hardness of sintered Ti2Cu and Ti10Cu were 258 and 351 HV, respectively. In the solution-treated Ti2Cu, hardness measurement in ¡B phase gave 300 HV, and in bulky islands gave 470 HV. In the solution treated Ti10Cu, hardness measurement in ¡B phase gave 530 HV, and in white thin strips gave 720 HV. After aging, the hardness of Ti2Cu and Ti10Cu were 441 and 612 HV, respectively. In comparison, vicker hardness of cast Ti2Cu and Ti10Cu was reported to be 225 and 275 HV, repectively.
11) Powder Metallurgy method, therefore, yield alloys having higher hardness values. The effect of precipitation hardening increased the hardness value of sintered Ti2Cu from 258 to 441 HV. The results contrasted the report by Holden et al., 22) which studied precipitation hardening of Ti1.7 mass%Cu. The hardness increase in that report was minimal; from as-cast value of 130 HV to aged value of 145 HV, by aging at 400°C for 16 h.
Microscopically, precipitates had a very small size and in small amount such that they were not detected by the low resolution of optical microscope in micrographs of Fig. 4 . A transmission electron microscope study by X. Yao et al. 21) indicated that strengthening was attributed to coherent or semicoherent acicular precipitate in interior of grains, which brought about resistance to dislocation movement.
Friction coefficient measurement during pin-on-disc wear test was shown in Fig. 7 . The friction coefficient values, in general, decreased from a high value during 'running in' until reaching steady-state values. Lowest friction coefficient was observed in as sintered Ti10Cu alloy, being mostly in 0.25 to 0.30 range. As-sintered Ti2Cu had higher values of friction coefficient by around 0.1. However, after solution and after aging, the friction coefficients of the specimens were higher than those of as-sintered specimens, but there was no distinct difference between values of friction coefficient of the two alloy compositions.
Scanning electron micrographs of worn surface of pins were shown in Fig. 8 . Worn pin of Ti10Cu had a smoother appearance, compared to the Ti2Cu composition. Mass loss measurement of the solution treated specimen and the aged specimen, in Fig. 9 , were more severe than that of as sintered specimen. Specific wear rates of as-sintered Ti2Cu and Ti 10Cu were 1.23 © 10 ¹13 and 1.16 © 10 ¹13 m 3 /N·m, respectively. The obtained specific wear rates were similar to those reported by J. Qu et al. 23) In their study, Ti6Al4V sliding against 440C stainless steel yields specific wear rate between 1.5 © 10 ¹13 and 1.7 © 10 ¹13 m 3 /N·m. This means that wear performance of sintered TiCu alloys and Ti6Al4V alloy against stainless steel were comparable. In contrast to high hardness obtained in aged specimens, their wear property deteriorated. The high friction coefficient, coupling with large mass loss, indicated that aged microstructure consisting of martensitic ¡B phase, ¢ phase, and micro/nano-sized Ti 2 Cu precipitates was inferior to the micro-sized ¡Ti/Ti 2 Cu eutectoid phase in as-sintered specimens. C. Ohkubo reported similar finding in self-mating lubricated sliding wear of casted Ti6Al4V4Cu. 12) This is explicable by the well known fact that lamellar structure of alternating layer of a hard phase and a soft phase, similar to pearlitic structure in carbon steel, has favorable wear property.
24)
Ti-2Cu
Ti-10Cu As-sintered Solution treated Aged Back-scattered electron micrograph of typical wear debris was shown in Fig. 10 . It consisted of bright and gray contrast, indicating mixture of phases. Energy Dispersive Xray Spectrometry indicates high iron, chromium and nickel content in the bright phase (materials from disc), and high titanium and copper in the gray phase (material from pin). Abrasion by dry sliding produced wear debris being mixture of materials from both the pin and the disc.
Conclusion
TiCu alloys was fabricated by powder metallurgy by sintering at 1100°C for 14.4 ks. It was possible to increase hardness of the alloys by precipitation hardening heat treatment. Hardness values of Ti2Cu and Ti10Cu alloys increased from as-sintered value of 258 and 351 HV to solution-treated value of 320 and 526 HV, and further increased to aged value of 441 and 612 HV, respectively. In contrast, the wear resistance of the alloys deteriorated after heat treatment. The best wear resistance was as-sintered alloys. Specific wear rates of as-sintered Ti2Cu and Ti 10Cu were 1.23 © 10 ¹13 and 1.16 © 10 ¹13 m 3 /N·m, respectively; which were similar to those of Ti6Al4V alloy. Microstructure of the TiCu alloys, not their hardness, affected their wear resistance. A lamellar structure of microsized eutectoid ¡Ti/Ti 2 Cu was favorable in term of wear resistance. Phase identification by X-ray diffraction proved difficult due to overlapping of diffraction peaks of ¡Ti, ¡BTi, and ¢Ti.
